The burden of influenza is large, with an estimated annual global burden of 3--5 million severe cases and 290 000--650 000 deaths \[[@CIT0001]\]. Current vaccine effectiveness is only 10--60% \[[@CIT0002]\] and new formulations are needed each year, prompting a new push to develop a more effective and longer lasting influenza virus vaccine suitable for all age groups \[[@CIT0003], [@CIT0004]\]. In addition to preventing disease, next-generation vaccines might also aim to reduce influenza symptoms and virus transmission. Thus, a better understanding of how antibodies affect both illness duration and viral shedding is needed.

Influenza virus has 2 surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Current seasonal vaccines are designed to elicit antibody responses to the HA head but not specifically to NA or the HA stalk \[[@CIT0005]\]. Neuraminidase evolves more slowly than the HA head, which could allow NA-based immunity to protect against otherwise drifted strains, making it an attractive vaccine target \[[@CIT0006]\]. Anti-NA antibodies are also suggested to limit influenza disease once a person has been infected \[[@CIT0006]\], potentially lessening severity and decreasing transmission, but evidence of this association is limited \[[@CIT0005], [@CIT0007]\].

Human transmission studies in natural settings offer a unique opportunity to study the effects of pre-existing antibody titers on influenza infection and symptoms. The Household Influenza Transmission Study (HITS) is a case-ascertained study of natural influenza transmission in households in Managua, Nicaragua \[[@CIT0008]\]. Here we assess the effects of pre-existing influenza A(H1N1)pdm hemagglutination inhibiting (HI), anti-HA stalk, and anti-NA antibodies on viral shedding and symptom duration in children and adults.

METHODS {#s1}
=======

Ethics Statement {#s2}
----------------

This study was approved by the institutional review boards at the Nicaraguan Ministry of Health and the University of Michigan. Informed consent or parental permission for minors was obtained from all participants. Assent was obtained for children aged 6 years and older.

Study Design and Population {#s3}
---------------------------

The HITS is a case-ascertained study of households in the catchment area of the Health Center Sócrates Flores Vivas (HCSFV) in District II of Managua, the capital of Nicaragua. Briefly, influenza index cases were recruited at the HCSFV and through the ongoing Nicaraguan Pediatric Influenza Cohort Study \[[@CIT0009]\], and their households were invited to enroll. Inclusion criteria for index cases in HITS were as follows: (1) a positive influenza QuickVue A+B rapid test (Quidel), (2) experienced onset of acute respiratory illness within the previous 48 hours, and (3) living with at least 1 other household member. Two seasons with influenza A(H1N1)pdm activity were included for this analysis: May--October 2013 and November--December 2015.

Data Collection {#s4}
---------------

Demographic information and clinical history were collected at enrollment. Household members and index cases were monitored through home visits. Nasal and oropharyngeal swabs were collected at enrollment and every 2--3 days thereafter for a total of 5 visits over a period of 10--14 days. Daily symptom data were collected by study staff. Blood samples were collected from participants aged 6 months or older at enrollment and 30--45 days later. If participants sought care at the HCSFV while enrolled, data from the visit were recorded \[[@CIT0009]\].

Laboratory Testing and Influenza Infection Definitions {#s5}
------------------------------------------------------

Pooled nasal and oropharyngeal swabs maintained in viral transport media at 4°C and blood samples were sent within 48 hours to the Nicaraguan National Virology Laboratory at the Nicaraguan Ministry of Health. Real-time reverse transcriptase--polymerase chain reaction (RT-PCR) was performed on RNA extracted from the swab samples per validated Centers for Disease Control and Prevention protocols for influenza A(H1N1)pdm detection \[[@CIT0010], [@CIT0011]\].

Antibody levels were measured as hemagglutination inhibition (HAI) titers (reciprocals) and enzyme-linked immunosorbent assay (ELISA) areas under the curve (AUCs). HAI assays were performed following standard World Health Organization (WHO) protocols, using A/Nicaragua/1815/01/TR2/2013 (as a 6:2 reassortant with A/PR/8/34) as the antigen for 2013 because the HA head had drifted that year and A/Michigan/45/15 as an antigen for 2015 \[[@CIT0012]\]. An initial sample dilution of 1:10 was used and serial 2-fold dilutions were made in 96-well plates. HAI titers were determined by visual detection of red blood cell agglutination in wells.

ELISAs were performed to determine the quantity of anti-HA stalk and anti-NA antibodies, as described previously, on the subset of participants who had sufficient sample volume for both baseline and convalescent draws \[[@CIT0013]\]. For HA stalk, a chimeric HA was used, consisting of the stalk domain of A(H1N1)pdm A/California/04/09 and the head domain from an H6N1 virus (which has not infected humans and to which no antibodies should be present). For NA, the NA of A(H1N1)pdm A/California/04/09 was used. Both HA and NA were expressed as soluble proteins, maintaining correct protein folding, conformational epitopes, and enzymatic activity, as previously described \[[@CIT0014], [@CIT0015]\]. AUCs were calculated with GraphPad Prism and are hereafter referred to as antibody levels. All assays were performed by personnel who were blinded to the influenza status of samples. Geometric mean antibody levels were calculated from log~2~-transformed variables.

Influenza virus infections were defined in 2 ways, as those that were (1) RT-PCR positive for influenza A(H1N1)pdm and (2) RT-PCR positive or serologically confirmed for A(H1N1)pdm infection. Serologically confirmed infections were defined as a 4-fold or greater increase in HAI titer \[[@CIT0016]\]. Since household contacts were tested for influenza every 2--3 days, it is possible that individuals may have shed influenza virus that was not detected. The second definition allowed us to examine the potential effects of the limit of viral shedding detection due to sampling frequency. Outcome values for nondetected shedding and symptoms were set to a nonzero value of 0.5 days for analysis.

Influenza Shedding and Symptom Duration {#s6}
---------------------------------------

Influenza viral shedding duration was defined using the RT-PCR results of up to 6 samples, as the time from first RT-PCR--positive sample to shedding cessation. Because shedding cessation occurred in the interval between the last RT-PCR--positive and subsequent negative sample (interval censoring), it was defined by using the bounds of this interval, as previously described \[[@CIT0017], [@CIT0018]\]. Symptom duration was defined as time from symptom onset to resolution of influenza-like illness (ILI), cough, and runny nose. Influenza-like illness was defined as having fever with a cough or sore throat.

Statistical Methods {#s7}
-------------------

Parametric accelerated failure time (AFT) models were used to calculate event time ratios (ETRs), as done previously \[[@CIT0015], [@CIT0019]\], comparing disease duration in influenza infections with high and low pre-existing antibody levels. Weibull distributions were selected to account for censoring \[[@CIT0020], [@CIT0021]\]. Analyses were stratified by age, as children aged 0--14 years and adults aged 15--85 years, and were adjusted for age and sex. A series of cutoffs was used to categorize high and low HAI titers and anti-HA stalk and anti-NA ELISA AUCs: ≥1:20/20, 1:40/40, 1:80/80, 1:160/160, and 1:320/320 versus lower. Statistical analyses were conducted in R version 3.5.2 (<https://www.R-project.org/>), using the package "Survival" version 2.43.3 (<https://CRAN.R-project.org/package=survival>) to run the AFT models and to predict disease duration accounting for age and sex, "SurvRegCensCov" version 1.4 (<https://CRAN.R-project.org/package=SurvRegCensCov>) to convert the model output to ETRs, and "ggplot2" version 3.1.0 (<http://ggplot2.org>) for plotting.

RESULTS {#s8}
=======

Study Population {#s9}
----------------

A total of 777 individuals in 161 households were enrolled in HITS over the 2013 and 2015 influenza seasons. In 2013, both influenza A(H3N2) and A(H1N1)pdm circulated, and in 2015, A(H1N1)pdm predominated ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). An average of 4.3 swabs and a median of 10 days of symptom diaries were collected per participant. Index cases presented to the study health clinic, on average, 0.9 days from symptom onset. There were 91 A(H1N1)pdm index cases, all except 6 of whom were children aged 0--14 years, and a total of 196 RT-PCR--confirmed influenza A(H1N1)pdm infections. Two of the participants had coinfections with A(H3N2) and were excluded. Of the remaining participants, 170 had HAI results. An additional 45 had serologically confirmed infections, for a total of 215 influenza virus infections included in these analyses ([Table 1](#T1){ref-type="table"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

###### 

Participant Characteristics

  Characteristics        RT-PCR--Positive Only   RT-PCR--Positive and 4-fold HAI Increase                                                         
  ---------------------- ----------------------- ------------------------------------------ ----- ------------- ------------- ------------- ----- -------------
  Total N (row %)        145 (85.3)              18 (10.6)                                        170           178 (82.8)    29 (13.5)           215
  Age 0--14 years                                                                                                                                 
   n (row %)             96 (81.3)               16 (13.6)                                        118           107 (78.7)    22 (16.2)           136
   Mean (SD), years      5.6 (3.8)               7.9 (4.5)                                  .03   5.9 (4.0)     5.9 (4.0)     7.6 (4.5)     .08   6.2 (4.2)
   Sex, n (%)                                                                                                                                     
    F                    46 (47.9)               6 (37.5)                                   .62   55 (46.6)     51 (47.7)     8 (36.4)      .46   63 (46.3)
    M                    50 (52.1)               10 (62.5)                                        63 (53.4)     56 (52.3)     14 (63.6)           73 (53.7)
   Type of case, n (%)                                                                                                                            
    Index                59 (61.5)               8 (50.0)                                   .56   73 (61.9)     62 (57.9)     10 (45.5)     .4    78 (57.4)
    Secondary            37 (38.5)               8 (50.0)                                         45 (38.1)     45 (42.1)     12 (54.5)           58 (42.6)
  Age ≥15 years                                                                                                                                   
   n (row %)             49 (94.2)               2 (3.1)                                          52            71 (89.9)     7 (8.9)             79
   Mean (SD), years      37.7 (17.5)             17.0 (2.8)                                 .11   36.8 (17.5)   37.7 (17.7)   36.0 (17.0)   .81   37.5 (17.4)
   Sex, n (%)                                                                                                                                     
    F                    37 (75.5)               1 (50.0)                                   1     38 (73.1)     53 (74.6)     6 (85.7)      .85   59 (74.7)
    M                    12 (24.5)               1 (50.0)                                         14 (26.9)     18 (25.4)     1 (14.3)            20 (25.3)
   Type of case, n (%)                                                                                                                            
    Index                3 (6.1)                 0 (0.0)                                    1     4 (7.7)       3 (4.2)       0 (0.0)       1     4 (5.1)
    Secondary            46 (93.9)               2 (100.0)                                        48 (92.3)     68 (95.8)     7 (100.0)           75 (94.9)

Abbreviations: ELISA, enzyme-linked immunosorbent assay; F, female; HAI, hemagglutination inhibition; M, male; RT-PCR, reverse transcriptase--polymerase chain reaction; SD, standard deviation

^a^Columns stratified by HAI titer may not add to total because some participants are missing HAI but had ELISA results.

Pre-existing Antibody Levels {#s10}
----------------------------

Pre-existing antibody levels were low in participants with influenza A(H1N1)pdm infections. Only 14% of children and 3% of adults had HAI titers of 1:40 or greater, 9% of children and 51% of adults had anti-HA stalk levels of 40 or greater, and 5% of children and 6% of adults had anti-NA levels of 40 or greater ([Figure 1A--C](#F1){ref-type="fig"}). Serologically confirmed RT-PCR--negative infections (shown in dark purple, [Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) had higher antibody levels than RT-PCR--positive infections---geometric mean HAI titers: 1:10 vs 1:8.27; and HA stalk and NA ELISA AUCs: 23.5 vs 13.2 and 12.63 vs 10.87, respectively ([Table 1](#T1){ref-type="table"}). Children with HAI antibody titers of 1:40 or greater were older than those with lower titers (mean age, 8 vs 6 years), while adults with HAI antibody titers of 1:40 or greater were younger than those with titers less than 1:40 (mean age, 17 vs 37 years) ([Table 1](#T1){ref-type="table"}).

![Pre-existing antibodies and influenza virus shedding duration among reverse transcriptase--polymerase chain reaction--confirmed infections. *A--C*, Histograms of hemagglutination inhibition, anti-hemagglutinin stalk, and anti-neuraminidase antibody levels by age. Histograms are colored according to influenza virus shedding duration. *D--F*, Event time ratios from accelerated failure time models, adjusted for age and sex, compare the shedding duration in those with high (threshold or higher) vs low (lower than threshold) antibody levels. An ETR \<1 corresponds to a shorter duration in the high antibody group. Abbreviations: AFT, accelerated failure time; AUC, area under the curve; CI, confidence interval; ETR, event time ratio; HA, hemagglutinin; HAI, hemagglutination inhibition; NA, neuraminidase; RT-PCR, reverse transcriptase--polymerase chain reaction.](ciz639f0001){#F1}

![Predicted influenza virus shedding duration by high and low pre-existing neuraminidase antibody levels. Curves show the proportion of people still positive by reverse transcriptase-polymerase chain reaction (*y* axis) each day since the start of shedding (*x* axis) for an adult female of average age (36 y). Mean (interquartile range) shedding times are presented in the inset. Abbreviations: IQR, interquartile range; NA, neuraminidase; Prop, proportion; RT-PCR, reverse transcriptase--polymerase chain reaction.](ciz639f0002){#F3}

Pre-existing Antibodies and Shedding Duration in Adults With RT-PCR--Confirmed Infection {#s11}
----------------------------------------------------------------------------------------

Anti-NA antibodies in adults were associated with decreased influenza shedding duration ([Figure 1C](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"}). An anti-NA antibody level of 40 or higher (vs \<40) was associated with a 69% decrease in shedding duration (adjusted ETR, 0.31; 95% confidence interval \[CI\], 0.15--0.66) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), with predicted mean shedding times of 1.0 versus 3.2 days ([Figure 3](#F3){ref-type="fig"}). Further, the relationship between anti-NA antibody level and shedding had a dose--response pattern, with antibody levels of 80 or higher associated with further shortening. We observed no associations with HAI or anti-HA stalk antibodies and shedding duration in adults ([Figure 1](#F1){ref-type="fig"}).

To assess whether anti-NA antibodies in adults were independently associated with shortened shedding, the same models were adjusted for HAI and anti-HA stalk antibodies ([Figure 4](#F4){ref-type="fig"}). After adjusting, the same dose--response relationship was seen in adults and an anti-NA antibody level of 80 or greater was still associated with significantly shortened shedding duration (ETR, 0.23; 95% CI, 0.05--0.96) ([Figure 4](#F4){ref-type="fig"}).

Pre-existing Antibodies and Shedding Duration in Adults With RT-PCR-- or Serologically Confirmed Infection {#s12}
----------------------------------------------------------------------------------------------------------

When serologically confirmed infections were included, all anti-NA antibody levels (AUC ≥20) were associated with significantly shortened shedding duration and showed a strong dose--response relationship ([Figure 2](#F2){ref-type="fig"}); an anti-NA level of 20 or higher was associated with a 49% decrease in shedding (adjusted ETR, 0.51; 95% CI, 0.30--0.87) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), while an anti-NA antibody level of 80 or higher was associated with a 74% decrease in shedding duration (adjusted ETR, 0.26; 95% CI, 0.10--0.70). Hemagglutination inhibition titers were not associated with shortened shedding ([Figure 2](#F2){ref-type="fig"}).

Pre-existing Antibodies and Shedding Duration in Children With RT-PCR--Confirmed Infection {#s13}
------------------------------------------------------------------------------------------

In RT-PCR--positive children, we did not observe an association between anti-NA antibody level and viral shedding duration. However, HAI antibody titers were significantly associated with decreased influenza shedding duration ([Figure 1D](#F1){ref-type="fig"}). Indeed, shedding was reduced by 32% for children with HAI titers of 1:20 or higher (adjusted ETR, 0.68; 95% CI, 0.53--0.87) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), with predicted mean shedding of 3.9 versus 6.0 days ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). As with adults, we observed no association with HA stalk.

Pre-existing Antibodies and Shedding Duration in Children With RT-PCR-- or Serologically Confirmed Infection {#s14}
------------------------------------------------------------------------------------------------------------

When we included serologically confirmed infections, anti-NA antibody levels of 160 or higher in children were associated with shortened shedding ([Figure 2](#F2){ref-type="fig"}). HAI titers remained associated with shortened shedding duration; however, the association was no longer significant at all titer levels ([Figure 2](#F2){ref-type="fig"}).

Excluding 1 Child With High Pre-existing Antibodies and 12 Days of Viral Shedding {#s15}
---------------------------------------------------------------------------------

A single child with high pre-existing anti-HA stalk and anti-NA antibody levels and a shedding duration of 12 days was identified in the study (see [Figure 1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}). To examine the effect of this child, we reconducted the analysis excluding the child. On exclusion, in RT-PCR--confirmed infections, an NA antibody level of 40 or greater in children was significantly associated with shortened shedding (adjusted ETR, 0.50; 95% CI, 0.26--0.96) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

When serologically confirmed infections were included ([Figure S4](#sup1){ref-type="supplementary-material"}), anti-NA levels of 20 or higher and 40 or higher were significantly associated with shortened shedding duration in children (adjusted ETRs: anti-NA AUC ≥20, 0.63; 95% CI: 0.45--0.89) ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Pre-existing Antibody Levels and Symptom Duration Among RT-PCR--Confirmed Infections {#s16}
------------------------------------------------------------------------------------

Among adult RT-PCR--positive influenza cases, anti-NA levels of 80 or higher were associated with a shorter duration of ILI, cough, and runny nose ([Figure 5](#F5){ref-type="fig"}). An anti-NA level of 80 or higher was associated with shortening of symptom duration by 82% for ILI (ETR, 0.18; 95% CI, 0.05--0.61), 92% for cough (ETR, 0.08; 95% CI, 0.01--0.58), and 89% for runny nose (ETR, 0.11; 95% CI, 0.02--0.60). Anti-NA antibody levels were not significantly associated with symptom duration in children.

![Pre-existing antibody levels and influenza shedding duration among reverse transcriptase--polymerase chain reaction (RT-PCR)--and serologically confirmed infections. *A--C*, Histograms of hemagglutination inhibition, anti-hemagglutinin stalk, and anti-neuraminidase antibody levels by age. Histograms are colored according to influenza virus shedding duration. Shedding duration was set to 0.5 days for serologically confirmed, RT-PCR--negative individuals. *D--F*, event time ratios (ETRs) from accelerated failure time models, adjusted for age and sex, compare the shedding duration in those with high (threshold or higher) vs low (lower than threshold) antibody levels. An ETR \<1 corresponds to a shorter duration in the high antibody group. Abbreviations: AFT, accelerated failure time; AUC, area under the curve; CI, confidence interval; ETR, event time ratio; HA, hemagglutinin; HAI, hemagglutination inhibition; NA, neuraminidase; RT-PCR, reverse transcriptase--polymerase chain reaction.](ciz639f0003){#F2}

![Pre-existing neuraminidase (NA) antibodies and influenza virus shedding duration among reverse transcriptase--polymerase chain reaction--confirmed infections, adjusted for hemagglutination inhibition (HAI) and antihemagglutinin (HA) stalk antibodies. Event time ratios from accelerated failure time models compare the shedding duration in those with high (threshold or higher) vs low (lower than threshold) NA antibody levels. All models are adjusted for age and sex, and antibody-adjusted models are adjusted for HAI (titer ≥1:80) and anti-HA stalk antibodies (area under the curve ≥160). Abbreviations: AFT, accelerated failure time; AUC, area under the curve; CI, confidence interval; ETR, event time ratio; HA, hemagglutinin; HAI, hemagglutination inhibition; NA, neuraminidase; RT-PCR, reverse transcriptase--polymerase chain reaction.](ciz639f0004){#F4}

![Pre-existing neuraminidase (NA) antibodies and symptom duration among reverse transcriptase--polymerase chain reaction--confirmed infections. *A--C*, Histograms of NA antibody levels by age. Histograms are colored according to duration of symptoms for influenza-like illness (ILI) (*A*), cough (*B*), and runny nose (*C*). Symptom duration was set to 0.5 days for individuals with no recorded symptoms. *D--F*, event time ratios (ETRs) from accelerated failure time models, adjusted for age and sex, compare the duration of ILI (*D*), cough (*E*), and runny nose (*F*) in those with high (threshold or higher) vs low (lower than threshold) antibody levels. An ETR \<1 corresponds to a shorter duration in the high antibody group. Abbreviations: AFT, accelerated failure time; AUC, area under the curve; CI, confidence interval; ETR, event time ratio; ILI, influenza-like illness; NA, neuraminidase; RT-PCR, reverse transcriptase--polymerase chain reaction.](ciz639f0005){#F5}

DISCUSSION {#s17}
==========

We found that pre-existing anti-NA antibodies were associated with shorter viral shedding duration in natural influenza A(H1N1)pdm infections in a community-based household transmission study. We also found that the association differed by age: in adults, the association was stronger and had a dose-dependent relationship with increasing anti-NA antibody levels associated with even shorter shedding, while in children there was a threshold effect with only very high anti-NA levels (≥160) associated with shortened shedding. After adjusting for HI and anti-HA stalk antibodies, the relationship of anti-NA antibodies and shedding duration in adults persisted. Further, anti-NA antibodies were also associated with shorter symptom duration in adults.

We observed that HI antibodies were not significantly associated with shortened shedding duration in adults. However, it is important to note that there were very few influenza A(H1N1)pdm--infected adults with high HI titers. In children, HI antibodies were associated with moderately shortened shedding duration. We saw no association with anti-HA stalk antibodies and shedding duration.

Recently, in this study population, we identified HI and anti-HA stalk, but not anti-NA antibodies, as independent correlates of protection from infection from influenza A H1N1pdm \[[@CIT0022]\]. Taken together with our findings here, these results fit nicely with the mechanism of action of these antibodies laid out by molecular studies. Anti-HA antibodies prevent viral attachment and entry into host cells, while anti-NA antibodies prevent viral particles from budding and spreading from host cells, and to some degree also prevent virus from leaving the mucosal entryways (reviewed in \[[@CIT0007]\]). This last mechanism of action suggests that the importance of anti-NA antibodies might vary by the route of infection.

Our findings advance those of previous human studies to establish the relationship of anti-HA and anti-NA antibodies and protection against influenza. A previous human challenge study among prisoners of an NA-containing vaccine found similar numbers of infections but less illness among those who were vaccinated \[[@CIT0023]\], while several studies of natural infections additionally found that anti-NA antibodies correlated with protection from serologically confirmed infection \[[@CIT0024]\] and PCR-confirmed symptomatic infection \[[@CIT0025], [@CIT0026]\]. While our results that anti-NA antibodies affect shedding duration but not infection risk appear discordant, it is important to note that studies of PCR-confirmed symptomatic infections likely may have missed milder or asymptomatic infections and would not have actually been able to differentiate between shortened shedding duration and protection from influenza infection. It is also important to note that because anti-NA and anti-HA stalk antibodies correlate, anti-NA antibodies would appear to independently correlate with protection from infection in serologically confirmed infections not adjusted for anti-HA stalk antibody \[[@CIT0022]\]. A recent human challenge study also found that anti-NA antibodies were associated with shorter shedding and symptom duration, but limitations of this model include restricting to healthy adults, infecting intranasally with a high dose, and only seeing mild disease, less than in a community setting \[[@CIT0027]\]. Another important difference between this study and previous studies \[[@CIT0024], [@CIT0027]\] is that antibodies in this study were measured in a binding assay using recombinant NA while previous studies used viruses expressing an N1 in combination with an H6 HA. While the H6 HA is not recognized by anti-H1 HA head antibodies, antistalk antibodies can bind to it and can also inhibit the NA by steric hindrance \[[@CIT0028], [@CIT0029]\]. It is therefore possible that anti-HA stalk antibodies were also detected in neuraminidase-inhibiting (NI) assays leading a composite correlate of protection driven by antibodies to the HA stalk and the NA. Since anti-HA stalk antibodies were recently identified to correlate with protection from infection, it is reasonable that the NI titer could also correlate with protection from infection.

This study is the first to look at the effect of antibodies specifically targeting NA on shedding duration in children, and in our main analyses we found a threshold effect with high anti-NA antibody levels associated with shorter influenza virus shedding duration. Because there were so few influenza A(H1N1) pdm--infected children with high anti-NA levels, the 1 outlying child with high anti-NA levels and very long viral shedding strongly influenced the results. On exclusion of this child, there was a dose--response relationship similar to that in adults. Thus, it is possible that children and adults might have the same association with anti-NA and shedding duration, but the outlier combined with the small number of children with high anti-NA levels prevented us from observing it. In addition, it is possible that the difference between children and adults could be due to (1) glycoproteins evolving over time and epitopes of the first exposure shaping future immune responses (adults may have developed antibodies to different/more \[and potentially more important\] NA epitopes) \[[@CIT0030]\] and (2) adults might additionally have non--antibody-mediated immune responses that are important along with the anti-NA antibodies \[[@CIT0031]\].

We were limited by the number of infected participants we could observe with high levels of pre-existing antibodies because such levels can prevent infection. By including serologically confirmed infections, we increased the number of observed infections and were able to capture individuals who may have shed virus too briefly for us to detect, although we could not distinguish between those who shed very briefly and those who did not shed virus. Another limitation is that we measured circulating rather than mucosal immunity. Multimeric mucosal immunoglobulin (Ig) A (IgA) immunity may be more broadly immunogenic than systemic monomeric IgG immunity \[[@CIT0032]\], suggesting that mucosal immunity may be even more protective than the systemic immunity we measured. Future studies should also measure mucosal immunity, which is likely more important for protection.

The anti-NA antibodies measured in this study resulted primarily from natural infections, because the vaccination rate is low in this setting, but we also know that current influenza vaccines containing both HA and NA favor an anti-HA response and that natural infections have been shown to produce more anti-NA antibodies \[[@CIT0014]\]. Following the early human studies of anti-NA as a correlate of protection \[[@CIT0024]\], an NA-only vaccine was developed \[[@CIT0033]\], which was then not pursued in part because the clinical endpoints used to evaluate the vaccine did not allow the development of symptoms \[[@CIT0034]\]; however, interest in NA as a vaccine antigen is growing again with the rising need for improved seasonal influenza vaccine effectiveness \[[@CIT0003]\].

Our results suggest that anti-NA antibodies play a large and independent role in shortening influenza disease duration in both children and adults. Increasing anti-NA immunity could reduce influenza illness, severity, and transmission and should be a priority for future influenza vaccines.

Supplementary Data {#s18}
==================

Supplementary materials are available at *Clinical Infectious Diseases* online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.

###### 

Click here for additional data file.
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